The regulation of translation elongation plays a vital role in protein folding; an adequate translational pause provides time and cellular environments for the cotranslational folding of nascent peptides. However, the genomic landscape, sequence determinants, and molecular consequences of translational pausing remain mostly unknown. In this study, we performed disome-seq that sequenced mRNA fragments protected by two consecutive ribosomes -a product of severe translational pauses during which the upstream ribosome collides into the paused one. We detected severe translational pauses on ~75% of yeast genes. These pauses were often explained by one of the three mechanisms: 1) slow ribosome releasing at stop codons, 2) slow peptide formation from proline, glycine, asparagine, and cysteine, and 3) slow leaving of polylysine from the exit tunnel of ribosomes. Notably, these amino acids also terminate the α-helical conformation. Such dual roles of amino acids establish an inborn coupling between the synthetic completion of a structural motif and a translational pause. Furthermore, paused ribosomes often recruit chaperones to assist protein folding. As a consequence, emergent protein structures during evolution should be ready to be correctly folded. Collectively, our study shows widespread translational pauses and sheds lights on a better understanding of the regulation of cotranslational protein folding.
INTRODUCTION
Translation elongation is a crucial process through which the genetic information in a transcript is sequentially decoded to a peptide chain by ribosomes. The mRNA sequence of coding regions can harbor more information than the amino-acid sequence; the local elongation rate is fine-tuned (Stein and Frydman, 2019) . A change in translation elongation rate has been reported to lead to developmental abnormalities (Braat et al., 2004; Clark et al., 2000) , neurologic diseases (Darnell et al., 2011; Ishimura et al., 2014) , and cancers (Faller et al., 2015; Pelletier et al., 2015) .
Translation elongation regulates biological processes likely through cotranslational protein folding (Faure et al., 2017; Li et al., 2012; Sharma and O'Brien, 2018; Stein and Frydman, 2019) . For example, it has been reported that bisulfate bond formation and protein conformation of crystallins were affected by the rate of translation elongation (Buhr et al., 2016) . Consistently, accelerating translation elongation by exclusively using optimal synonymous codons could reduce the enzyme activity (Agashe et al., 2013) . Furthermore, accumulating evidence supported that the CAG expansion in Huntington disease led to incorrect translational pauses and therefore, incorrect subcellular localization of the Htt protein (Nissley and O'Brien, 2016) . During evolution optimal and non-optimal codons formed clusters (Cannarozzi et al., 2010; Chen et al., 2017; Clarke and Clark, 2008) , creating fast and slowtranslation regions in the same gene, which may participate the regulation of cotranslational protein folding (Yu et al., 2015) .
Despite the importance of the translation elongation, the knowledge of the causes and consequences for translational pausing remain highly limited, mainly because the detection of translational pauses was technically challenging at the genomic scale.
The development of ribo-seq, an approach that sequences ribosome protected mRNA fragments in a high-throughput manner, significantly increased our knowledge on translation elongation in endogenous genes (Ingolia et al., 2009; Ingolia et al., 2011; Li et al., 2012) . Accumulation of ribosome footprints at a site indicates slow translation elongation or translational pausing; based on this idea, sequence determinants of translation elongation have been discovered or disputed, such as synonymous codon usage, anti-Shine-Dalgarno sequence, positive charged amino acids, and mRNA secondary structures (Charneski and Hurst, 2013; Hussmann et al., 2015; Ingolia et al., 2009; Li et al., 2012; Mohammad et al., 2016; Qian et al., 2012; Weinberg et al., 2016; Yang et al., 2014) .
However, ribo-seq misses the information of ribosome collisions -an extreme form of translational pausing that the upstream ribosome chases up and collides into the downstream pausing ribosomes. Such severe translational pauses may play a more critical role in co-translational protein folding. Consecutive ribosomes (disomes) were previously detected by sucrose gradient centrifugation (Diament et al., 2018) . In this study, we precisely captured disomes and systematically characterized the landscape of severe translational pauses in the yeast genome. Taking advantage of such information, we identified the sequence determinants of severe translational pauses.
We proposed a new model on the coevolution of the protein structure and translational pausing.
RESULTS

Disomes were resistant to RNase digestion
We extracted mRNA from yeast cells together with ribosomes, digested the unprotected mRNA using RNase I, and performed sucrose gradient ultracentrifugation to separate particles with different densities (Figure 1A) . In addition to the abundant monosome particles, we observed a significant amount of particles (indicated by the red arrow in Figure 1A ) whose density was similar to the pre-digestion transcripts bound by two ribosomes, suggesting that the particle was composed of two ribosomes.
Although such "two-ribosome" particles could be explained by the incomplete digestion of RNase I, it is unlikely the case for the following reason. As we increased the dosage of RNase I from 100 U to 500 U, the amount of monosome reduced and that of free ribonucleoproteins (RNP) increased, suggesting the disruption of ribosomes by the extra dose of RNase I (Figure 1B) . However, the two-ribosome particles persisted (Figure 1B) , indicating that they were not an experimental artifact of incomplete digestion. Instead, the particle likely contained mRNA fragments protected by two consecutive ribosomes; the mRNA fragment between them was resistant to the RNase digestion likely due to the steric effect. We hereafter referred such RNase-resistant two-ribosome particles as to disomes -a consequence of ribosome collisions.
Disome-seq accurately detected severe translational pauses
To determine if the high-throughput sequencing of the disome-protected mRNA (disome-seq, Figure 2A ) could detect severe translational pauses, we induced translational pauses with 3-Amino-1,2,4-triazole (3-AT ), an inhibitor of histidine biosynthesis (Klopotowski and Wiater, 1965) ; the histidine deprivation stalled ribosomes at the histidine codons, which could further cause a ribosome collision with the upstream (5′-)ribosome in the transcript.
In ribo-seq, the 28 and 29-nucleotide (nt) footprints were most abundant ( Figure   2B ), consistent with previous observations (Ingolia et al., 2009) . In contrast, the most abundant footprints in disome-seq were 58 or 59 nts (Figure 2B) . We mapped the monosome and disome footprints to the yeast genome. The 5′-end of the 28-nt monosome footprints displayed an apparent 3-nt periodicity (Figure 2B) , which is consistent with the non-overlapping 3-nt genetic code -ribosome moves three nucleotides per step during translation. Notably, the 58-nt disome footprints displayed a similar 3-nt periodicity (Figure 2B) , indicating that a 58-nt disome footprint likely contained a 28-nt monosome footprint at the 5′-end. As a negative control, mRNA-seq reads did not display the 3-nt periodicity (Figure S1A) .
During histidine starvation, ribosomes should be stalled by histidine codons CAC and CAT when they are at the A-site, where codon-anticodon recognition takes place. The 5′-end of the monosome footprints exhibited the main peak 15-nt upstream of the histidine codons in the yeast genome, indicating that the A-site of the ribosome locates at the 16 th -18 th nts in the 28-nt monosome footprints ( Figure 2C) ; this is consistent with previous observations (Ingolia et al., 2009) . Notably, disome footprints exhibited a sharp peak 45-nt upstream of the histidine codons, which was 30-nt upstream of the 15-nt peak in ribo-seq ( Figure 2C) . The 30-nt space between the two peaks perfectly fits one in-frame ribosome. Therefore, we proposed that the 58-nt disome footprints were composed of two 28-nt monosome footprints ( Figure   2C ). The 2-nt space between them did not allow a further move of the 5′-ribosome, which requested three nucleotides, validating disome footprints as the product of ribosome collisions.
Disome-seq detected the translational pauses that were missed in ribo-seq
To identify the genomic locations of severe translational pauses in fast-growing cells, we applied disome-seq to yeast cells cultivated in the rich medium ( Figure 3A and Figure S2) . Disome footprints were observed in a total of 3929 genes, which represented over 70% of the 5349 translated genes (Figure 3B) , indicating widespread translational pauses in the yeast genome.
Disome-seq often detected translational pauses undetectable in ribo-seq ( Figure   3C ). Take CYC8, a gene encoding a general transcriptional co-repressor which can form the prion [OCT+] (Patel et al., 2009) , for example, a translational pause downstream of polyglutamine (polyQ) was detected by disome-seq instead of ribo-seq ( Figure 3D) . Similarly, TEF4p, the γ subunit of translational elongation factor eEF1B, contains a lysine-rich region that is often ubiquitinylated or succinylated (Fang et al., 2014; Weinert et al., 2013) ; the translational pause downstream of it was uniquely detected by disome-seq ( Figure 3D) . The traditional ribo-seq lacks sufficient power in detecting all translational pauses ( Figure 3C ) probably due to the omission of disome protected fragments that are at least partially resistant to RNase digestion ( Figure   3E ).
Severe translational pauses were induced by stop codons
To identify the causes of severe translational pauses, we searched for sequence features at the A-site, the P-site, and the exit tunnel of the 3′-ribosome of a disome, respectively. We defined an A-site pausing score for each of the 64 codons as the enrichment of a codon at the A-site of the 3′-ribosome of a disome footprint (i.e., the propensity of a codon to induce severe translational pauses, Figure 4A ). Taking the codon GAA for example ( Figure 4A) , all disome fragments on one gene were classified into two categories based on the codon at the A-site, GAA or others. The odds ratio was estimated for each gene with the corresponding codon frequency in mRNA as a control; the common odds ratio across all genes was calculated with the Mantel-Haenszel procedure and was defined as the A-site pausing score ( Figure 4A) .
A significantly >1 A-site pausing score implies a slow recognition of the codon.
Three stop codons exhibited highest A-site pausing scores ( Figure 4B) .
Consistently, disome reads were accumulated in individual genes ( Figure 4C ) as well as globally (Figure 4D ), suggesting that ribosome releasing is slow. The stop codon TAA showed the smallest A-site pausing score among the three (Figure 4B ), suggesting TAA releases ribosomes at the highest rate. Notably, TAA was also the most frequent stop codon in the yeast genome, used in 48% genes (Figure 4B inset) , suggesting that genes are likely under natural selection to reduce ribosome sequestering through using TAA as the stop codon. We predicted that the selection should be stronger in more highly expressed genes as the impact of severe translational pauses scales the expression level. Indeed, the proportion of genes using TAA increased to 65% in the top 10% most highly expressed genes (Figure 4B inset) .
Severe translational pauses were not induced by non-optimal codons
Codons encoding amino acids are recognized by tRNA species with different copy numbers (Hani and Feldmann, 1998) . Codons recognized by low-copy tRNA species, or non-optimal codons, potentially slow down translation elongation (Curran and Yarus, 1989; Sorensen et al., 1989 ) and lead to ribosome collisions. To test this possibility, we estimated codon optimality from the relative synonymous codon usage (RSCU) in the yeast genome (Sharp and Li, 1987) . RSCU was not correlated with the A-site pausing score (ρ = -0.02, P = 0.9, Spearman's correlation, Figure 4E ), indicating that the usage of non-optimal codons is not a significant cause of severe translational pauses in the rich media.
Severe translational pauses frequently occurred at the amino acids that terminate α-helixes
We similarly estimated the P-site pausing score for each of the 20 amino acids since codon identity unlikely matters at the P-site. Some amino acids (e.g., proline, glycine, asparagine, cysteine, and lysine) showed higher P-site pausing scores ( Figure   5A ). Among these amino acids, proline and glycine are poor substrates for the formation of a peptide bond (Nelson et al., 2008; Rodnina, 2016) , and therefore, may induce translational pauses. It remains unclear how other amino acids induce translational pauses. Nevertheless, these amino acids share the same property that weakens the stability of the α-helix, a prominent secondary structure of proteins (Nelson et al., 2008) . Proline and glycine are conformational either too inflexible or flexible to form an α-helix. The bulk and shape of asparagine and cysteine also destabilize the α-helix. These four amino acids rank top 4 among 20 amino acids in the propensity to terminate an α-helical conformation (P = 0.0004, Mann-Whitney U test, Figure 5B ) (Bryson et al., 1995; Myers et al., 1997) . Besides, positively charged residues (e.g., polylysine) repel each other and also prevent the formation of an αhelix (Nelson et al., 2008) .
We speculate that a prolonged translational pause occurring right after the translational completion of an α-helix provides sufficient time for the folding of the motif. Such coupling was observed at the genomic scale -disomes induced by prolines took place after the termination of an α-helix ( Figure 5C) , and in individual genes (TDH3 as an example in Figure 5D ). Furthermore, such pausing signals were often evolutionarily conserved despite within the intrinsically disordered regions that often evolutionarily dynamic (Brown et al., 2010) . For example, the disome-inducing proline in TDH3p was conserved across eukaryotic species (Figure 5D ). Collectively, these observations raise the possibility that translational pauses at the end of an αhelix are favored by natural selection to avoid the interference of protein folding by the downstream peptides.
Severe translational pauses were induced by polylysine in the exit tunnel
We further estimated the exit-tunnel pausing score from the enrichment of each of the (20 3 =) 8000 amino-acid 3-mers in the 20-amino-acid region upstream of the Psite of the 3′-ribosome. Triple-lysine scored the highest, along with a few other positively charged 3-mers ( Figure 6A ). It has been proposed that the positively charged amino acids of the nascent peptide could hinder translation elongation by interacting with the negatively charged exit tunnel (Charneski and Hurst, 2013) .
However, lysine appeared to be more efficient in inducing translational pauses than the other two positively charged amino acids, arginine and histidine (Figure 6A) .
To validate the difference in inducing translational pauses among the three positively charged amino acids, we constructed a dual-luciferase reporter system with firefly and renilla-luciferases expressed from two different promoters. The sequence to be tested was inserted after the start codon of the firefly-luciferase ( Figure 6B and Table S1 ), and therefore, a reduction in the firefly/renilla ratio indicates a translational pause induced by the inserted sequence. We observed more significant reductions in the firefly/renilla ratio as the number of the consecutive lysine increases (Figure 6B, left panel); the reduction was not explained by mRNA levels (Figure S3 ), suggesting a cumulative inhibitory effect of lysines on translation. Furthermore, the firefly/renilla ratio reduced more when lysine was inserted, than arginine and histidine ( Figure 6B , middle and right panels), indicating that, in addition to the positive charge, the bulk and shape of the lysine residue may boost translational pauses.
The consecutive lysine often appears in linker regions of domains because the repellence among the positively charged residues prevents the formation of a domain (Nelson et al., 2008) . As an example, polylysine-induced translational pausing took places in the linker regions between two domains of RPS31 (Figure 6C) . Despite in an intrinsically disordered region, these positively charged amino acids (five lysines and one arginine) were conserved across eukaryotes kingdoms (Figure 6C) . The translational pauses induced by the polylysine may benefit the cell by providing time for the folding of protein domains.
Severe translational pauses recruited chaperones
Ribosomes are heterogeneous (Shi and Barna, 2015; Simsek et al., 2017) . To understand the outcomes of the severe translational pauses on the composition of ribosomes, we identified disome-specific ribosome components by labeling ribosome proteins with stable isotopes (Figure 7A) . We separated disomes from monosomes with sucrose density gradient centrifugation, mixed heavy-labeled disome with lightlabeled monosome (or light-labeled disome with heavy-labeled monosome in a replicate), and performed tandem mass spectrometry (MS/MS, Figure 7A ). In addition to ribosomal proteins, some highly expressed metabolic enzymes were also identified; we speculated that they were nascent peptides of incomplete protein translation and were attached to ribosomes. Consistently, the peptides of these enzymes captured by MS/MS tended to be in the first half of coding sequences (common odds ratio = 1.9, P = 0.001, Mantel-Haenszel test). For example, all detected peptides of FAS2p, a fatty acid synthetase, were in the first half ( Figure   S4B ). By contrast, the peptides of ribosomal proteins captured by MS/MS were evenly distributed between the first and second half of coding sequences (common odds ratio = 1.0, P = 0.7, Mantel-Haenszel test).
Most proteins showed similar abundance in disomes and monosomes and therefore, were on the diagonal in the scatter plot showing protein intensities in disomes vs. in monosomes (Figure 7B and Figure S4A ); many were the constitutive ribosome components (Figure 7B and Figure S4A ). Proteins above the diagonal line were disome-enriched proteins (Figure 7B and Figure S4A ; Tables S2, S3 ). Notably, all of the 11 chaperones identified in MS/MS had higher abundance in disomes than in monosomes (P = 2.1×10 -4 , Fisher's exact test, Figure 7B ; P = 6.0×10 -3 , Figure   S4A ), indicating that chaperones are recruited during severe translational pauses. For example, whereas SSB1p was reported as a ribosome-associated chaperone (Doring et al., 2017) how it was distributed among ribosomes remained unclear. We showed that SSB1p were enriched in the disome fraction (Figure 7B-C) , likely promoting the cotranslational folding of the nascent peptide upstream to a translational pause ( Figure   7D ).
DISCUSSION
Translation elongation plays a central role in regulating protein function, subcellular localization, and aggregation (Nissley and O'Brien, 2016; Sharma and O'Brien, 2018; Stein and Frydman, 2019) . The key to studying such regulation is to identify the positions of ribosomes in transcripts. Ribo-seq solves the problem to a large extent (Ingolia et al., 2009 ) but misses collided ribosomes, which provide crucial information about severe translational pausing. In this study, we performed disome-seq that specifically and sensitively detected the genomic positions of severe translational pauses. Such analyses enabled us to identify the leading sequence features regulating translation elongation.
It is worth noting that disome footprints studied here are fundamentally different from the transcripts binding to two ribosomes, in which two ribosomes are usually sparsely distributed on an mRNA, and the mRNA fragments between them are not resistant to RNase digestion. To illustrate this point experimentally, we collected the transcripts binding to two ribosomes from the sucrose gradient centrifugation, digested them using RNase I, and performed ribo-seq ( Figure S5A) . As expected, the footprints observed in the disome-seq did not show up in such experiments ( Figure   S5B ).
In addition to the 58-nt disome fragments, the 61-nt fragments also exhibited an apparent 3-nt periodicity (Figure 2B) , indicating the second conformation of disomes.
As indicated by the disomes accumulated at the stop codons, 61-nt disome fragments were composed of two 28-nt monosome fragments spaced by five nucleotides (Figure   S6A ). Although in principle the 5′-ribosome in such disomes could make another move, two ribosomes were sufficiently close to each other in such quasi-collision that the mRNA fragment between them was at least partially resistant to RNase digestion.
The P-site pausing scores estimated from 58 or 61-nt disome fragments were highly correlated (ρ = 0.88, P = 1.2×10 -6 , Spearman's correlation, Figure S6B) , indicating that the 61-nt quasi-collisions also reflected severe translational pauses. Therefore, they were combined with the 58-nt collisions in this study.
Severer translational pauses may further lead to the collision of three consecutive ribosomes -trisomes. Indeed, after RNase digestion a small number of particles was observed at ~62 mm of the sucrose gradient centrifugation (Figure 1A) ; the density of these particles was higher than disomes and was similar to transcripts binding to three ribosomes, indicating they were trisomes. Although the abundance of these trisomes was insufficient for a trisome-seq, the presence of trisomes was detectable in disome-seq -footprints with the 5′-end ~75-nt upstream to the stop codon (Figure S6C) .
These disome footprints were generated likely through RNase digestion between the mid-and the 3′-ribosome in a trisome (Figure S6C ) since the mRNA fragments between consecutive ribosomes were only partially resistant to RNase digestion.
In addition to the sequence features identified at the A-site, P-site, and exit tunnel, others may also play a role. For example, mRNA secondary structure has been shown to cause translational pausing (Faure et al., 2017; Tang et al., 2016; Yang et al., 2014) , which was also detected in this study; mRNA downstream of disomes exhibited stronger secondary structure (Figure S7) . Relatedly, RNA helicase was recruited by disomes (Figure 7 and Tables S2, S3 ), potentially removing mRNA secondary structures to relief translational pauses.
Non-optimal codons have been reported to be translated slower (Curran and Yarus, 1989; Sorensen et al., 1989 ) likely due to the limited supply of cognate tRNAs.
However, non-optimal codons did not appear to induce severe translational pauses in the rich media (Figure 4E) . One possible explanation is that the balanced use of tRNA and codons has minimized the difference in the elongation rate among optimal and non-optimal codons (Qian et al., 2012) , to the level that the non-optimal codons are not sufficiently slow to trigger ribosome collisions in the rich media. By contrast, when treated with 3-AT that leads to histidine starvation, the non-optimal codon of histidine, CAT, induced severer translational pauses, as indicated by the taller blue peaks in Figure 2C . CAT and CAC are recognized by the same tRNA, suggesting that the difference in the propensity to induce translational pauses does not arise from the concentration of isoaccepting tRNAs. Instead, the difference between synonymous codons in the binding affinity to the anticodon GUG probably plays a role.
Yeast genes often use non-optimal codons at the 5′ of the coding sequences, which has been speculated to serve as a "ramp" -ribosomes collide early during translation instead of late to mitigate ribosomes sequestering (Tuller et al., 2010) . We failed to detect the accumulation of disomes around the start codon in either ribo-seq or disome-seq in this study (Figure 4D) . Previously observed accumulation of ribosomes around the start codon (Ingolia et al., 2009 ) has been shown as a byproduct of the pre-treatment of cycloheximide (Hussmann et al., 2015; Pelechano et al., 2015; Weinberg et al., 2016) , which partially inhibited translation elongation but did not block translational initiation (Pestova and Hellen, 2003) .
Ribosome release often led to severe translational pauses (Figure 4B) probably because all three stop codons are recognized by the same release factor, eRF1. The glutamic acid at the 55 th position (Glu55) of eRF1 plays a role in forming a hydrogen bond with the 2 nd and/or 3 rd adenine of the stop codon (Brown et al., 2015) . The "wobble effect" in both positions (versus at most one wobble position for codonanticodon recognition) may slow down the recognition between a stop codon and eRF1. Consistently, the stop codon TAA that forms two hydrogen bonds with Glu55 releases ribosomes fastest among the three (Figure 4B) . Although the slow ribosome release was missed in the traditional ribo-seq studies (Gerashchenko et al., 2012; Ingolia et al., 2009) , the phenomenon was observed by 5′P sequencing that traced the location of the most upstream translating ribosome in a degraded mRNA (Pelechano et al., 2015) .
On the one hand, it is costly when ribosomes are sequestered upstream of the stop codon waiting for releasing since they are not recycled for a new round of protein synthesis. On the other hand, the slow ribosome release may benefit the cell by providing the newly synthesized peptide sufficient time to fold within the exit tunnel of ribosomes, rather than in the complex cytoplasmic environment crowded with all kinds of proteins (Figure 7D) .
In addition to the stop codons, amino-acid sequence features that can lead to severe translational pauses were identified, proline and glycine at the P-site as well as polylysine in the exit tunnel. They are also well-known signals for the termination of α-helixes during protein folding (Figure 5B) . Therefore, these amino acids play two roles: terminating an α-helical conformation and inducing a translational pause ( Figure 7D) . The latter provides sufficient time for the folding of the newly synthesized α-helixes.
Although some sequence determinants of translational elongation have been identified, it remains unclear how these determinants were placed during evolution to the genomic locations that a pause is required, and especially, as protein structures evolve, how proteins correctly fold when the translation pausing signals are yet to be placed. Our "dual-role" model does not require evolutionary time for placing a pause signal after a change in structure -the amino-acid substitution that results in a new protein structure on the same time generates a translational pause, making the new protein structure ready to be correctly folded. Together with the translational pauses induced by stop codons and chaperones recruited by collided ribosomes, the cotranslational protein folding is warranted (Figure 7D) .
METHODS
Polysome profiling and disome-seq
The laboratory strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 uraΔ0) was cultivated at 30ºC in the rich media YPD (1% yeast extract, 2% peptone, and 2% dextrose) or in the synthetic complete media with histidine dropped out and with 100 mM 3-AT added (SC-His+3-AT ). Cells were collected at OD660 ~0.6. Ribosomes For the disome-seq experiments, the ribosome dissolved in the PLB buffer were treated with RNase I (Ambion, AM2294) at 25°C for 2 hours. RNA was extracted from the enzyme reaction system with hot phenol and was separated on a 17% (w/v) 7 M urea denaturing polyacrylamide gel in a 0.5×Tris-borate-EDTA (TBE) electrophoresis buffer. RNA fragments with the length of 25-30 nts or 50-80 nts were extracted by gel crushing and further incubated with an RNA gel extraction buffer (300 mM NaOAc pH 5.2, 10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0) overnight.
The purified RNA fragments were subjected to small RNA library construction for Illumina sequencing (Gnomegen, k02420) . The 5′-RNA adaptor contained a 3-nt random sequence at the 3′-end to avoid biased ligation. Monosome and disome footprints were sequenced with single-end 50 and paired-end 100 modes on BGISEQ-500 (BGI Group), respectively.
Mapping reads to the yeast genome
The 3-nt random sequence at the 5′-end of each sequencing read was removed.
The sequence identical to the 3′-sequencing adaptor was removed in each read using cutadapt V1.16 (http://gensoft.pasteur.fr/docs/cutadapt/1.6/index.html). The trimmed reads shorter than 20 nts were excluded for further analysis. Reads without 3′-adaptor sequence were also removed since their lengths (>46 nts for ribo-seq or >96 nts for disome-seq) were much greater than the expectation (25-30 nts for ribo-seq and 50-80 nts for disome-seq).
The S. cerevisiae genome (SGD R64-1-1) (https://www.yeastgenome.org/) was used as the reference. The trimmed reads were mapped against rRNA with bowtie V1.2.2 (Langmead et al., 2009 ) (http://bowtie-bio.sourceforge.net/manual.shtml); the mapped reads were eliminated to avoid rRNA contamination. The non-rRNA reads were further aligned against the coding sequences with the -no-novel-juncs parameter using Tophat V2.1.1 (Kim et al., 2013) (https://ccb.jhu.edu/software/tophat/manual.shtml). Reads with multiple alignments or of mapping quality < 30 were discarded. Biological replicates were highly correlated ( Figure S1B) and were combined in the majority of our analyses.
The definition of the A-site in a disome footprint
For 58-nt disome footprints, if the 5′-end of a read was mapped to frame 0, the 46 th -48 th nts were defined as the A-site of the 3′-ribosome; if mapped to frame 1 (or frame 2), the 45 th -47 th (or 47 th -49 th ) nts were defined as the A-site since the footprint shifted by +1 and -1 nt during RNase I digestion. The A-site of the 3′-ribosome was also defined for the 59-nt disome footprints: if the 5′-end mapped to frame 0, meaning that one more nt was kept at the 3′-end during RNase I digestion, the 46 th -48 th nts were the A-site. If mapped to frame 2, meaning that one more nt was kept at the 5′end during RNase I digestion, the 47 th -49 th nts were the A-site; if mapped to frame 1, most likely one more nt was kept at the 3′-end during RNase I digestion, and therefore, the 45 th -47 th nts were the A-site. For 61-nt and 62-nt disome footprints, the A-site was defined assuming that an extra codon was inserted into the space between two ribosomes.
The measure of codon optimality
Synonymous codon optimality was assessed by RSCU, which was retrieved from a previous study (Sharp and Li, 1987) . It was further normalized by the number of synonymous codons of an amino acid (Qian et al., 2012) , which mad the values of codons of different amino acids comparable.
The calculation of pausing scores
The A-site pausing score of each of the 64 codons was defined as the common odds ratio calculated by the Mantel-Haenszel test. A 2×2 table was generated for each gene. We divided disome footprints into two categories, the concerning codon at the A-site of the 3′-ribosome and others. mRNA reads were used as the background to control for codon frequency in the gene; the 16 th -18 th nts of a 28-nt mRNA-seq read was considered as the A-site. The P-site pausing score was estimated similarly, with the amino acid at the P-site in consideration. The exit-tunnel pausing score was estimated for each of the amino-acid 3-mers in the 20 amino-acid upstream of the Psite; flanking 3-mers may hitchhike on the causal 3-mer, and therefore, we combined multiple disome reads mapped to the same genomic position into 1 to reduce such hitchhiking effect.
Statistical analyses were performed with R (https://www.r-project.org/), and plots were generated with an R package, ggplot2 (https://ggplot2.tidyverse.org/).
The definition of α-helixes
The protein secondary structure annotation of yeast protein was retrieved from UniProt (UniProt, 2019) (https://www.uniprot.org/). Adjacent α-helixes without a gap were concatenated. Short α-helixes composed of 4 amino acids or less were removed.
The protein secondary structure of TDH3p was predicted with the online secondary structure prediction method, GOR IV (Garnier et al., 1996) at https://npsaprabi.ibcp.fr/.
Prediction of the minimum free energy of an mRNA fragment
The minimum free energy of the 30-nt mRNA downstream of a disome footprint was calculated with the RNAfold V2.4.13 of the Vienna RNA package (Lorenz et al., 2011) (http://rna.tbi.univie.ac.at/) .
Sequence alignment of genes from different species
Orthologous genes were identified by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Amino-acid sequences from multiple species were aligned by Clustal X (Larkin et al., 2007) . Species trees were constructed with TimeTree (Kumar et al., 2017) at http://www.timetree.org.
Dual-luciferase assays
The plasmid for the dual-luciferase assay, pTH727-CEN-RLuc/staCFLuc, was obtained from Addgene (http://www.addgene.org). The sequences of K2 (2×AAG), K4 (4×AAG), K5 (5×AAG), K6 (6×AAG), K8 (8×AAG), K10 (10×AAG), R5 (5×AGA), R10 (10×AGA), H5 (5×CAC), H10 (10×CAC), A5 (5×GCT), and A10 (10×GCT) were inserted into the plasmid, respectively, right downstream of the start codon of the firefly-luciferase. Individual plasmids were transformed into the BY4742 strain. The yeast clones containing plasmids were selected on an SC-uracil plate.
The level of luciferase was detected as described in a previous study (Merritt et al., 2010) . Briefly, transgenic yeast strains were individually cultivated in the SCuracil medium (150 µL) at 30°C overnight. 10 µL of each yeast culture was transferred into a fresh SC-uracil medium (140 µL) and was cultivated for another 4 hours in a 96-well plate. Passive lysis buffer (40 µL, Promega, E1910) was added per well for cell lysis. 25 µL of the suspension was mixed with the firefly luciferase substrate (25 µL, Promega, E1910) and was incubated for 20 minutes at 25°C. Firefly luciferase activity was measured by the Synergy multi-mode reader (BioTek). Stopand-Glo reagent (25 µL, Promega, E1910) was added and mixed per reaction and was incubated for another 20 minutes before the measurement of renilla-luciferase activity.
The mRNA level of luciferase was detected by quantitative-PCR using the total RNA extracted from each transgenic yeast strain. The primer sequences were listed in Table S4 .
Mass spectrometry
Stable isotope labeling with amino acids in cell culture (SILAC) was performed as described previously (Chen et al., 2019) . Briefly, a strain modified from BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 arg4Δ0::kanMX4 car1Δ0::LEU2) was cultured at 30°C in the SC media with arginine and lysine dropped out (SC-Arg-Lys) in the presence of the light amino-acid isotopes (30 mg/L Lys0 and 20 mg/L Arg0) or the heavy amino-acid isotopes (37.25 mg/L Lys8 and 20.94 mg/L Arg10).
Cells were harvested at the mid-log phase (OD660 ~0.6), and polysomes were extracted. After RNase I treatment, polysome profiling was performed, and proteins were precipitated from the monosome or disome fraction with a double volume of 95% ethanol, respectively. The protein precipitants were dissolved with the urea buffer (8 M urea, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, 0.2% tablet of protease inhibitor, and 1 mM PMSF). 150 μg heavy-labeled monosome protein was mix with 150 μg light-labeled disome protein; 150 μg light-labeled monosome protein was mix with 150 μg heavy-labeled disome protein. The protein mixtures were subject to the MS/MS analysis on Orbitrap Elite (Thermo Fisher Scientific).
The raw data were processed with MaxQuant V1.5.8.3 (Cox and Mann, 2008) (https://www.biochem.mpg.de/5111795/maxquant) using default parameters. All raw data were searched against the yeast proteome with the addition of potential contaminants. The protease was set as trypsin/P and trypsin. Two missed cuts were allowed.
If the peptides of metabolic enzymes were detected by MS/MS on ribosome particles because they were nascent peptides of incomplete protein translation, these peptides should be enriched in the first half (N-terminus) of a protein. To determine if it is true, we divided peptides detected from each gene into two categories, according to whether the first amino acid of the peptide belonged to the first half of the gene or not. With the theoretical digested peptide (arginine or lysine at the C terminus) as a background, a 2×2 table was generated for each gene. The common odds ratio among genes was calculated by the Mantel-Haenszel test. (C) The positions of monosome footprints (blue) and those of disome footprints (orange) rarely overlapped. The average read count per codon site was calculated for each gene; only those codon sites with read count greater than the average was considered in this panel. The A-site of a monosome footprint was compared with the A-site of the 3′-ribosome of a disome footprint.
(D) Two genes exemplify the unique information obtained by disome-seq. The distributions of disome (orange) and monosome (blue) footprints are shown. The xaxis shows the A-site of a monosome footprint or that of the 3′-ribosome of a disome footprint in the coding sequence (CDS). The start and stop codons are denoted with grey dashed lines.
(E) The schematic graph explains why traditional ribo-seq missed severe translational pauses. (A) Schematic of the calculation of the A-site pausing score. We counted the number of disome footprints with A-site having the concerning codon (GAA as an example here) and having other codons, respectively. The mRNA-seq reads were used to control for the codon frequency in the transcript. The A-site pausing score is defined as the common odds ratio among genes. A significantly greater-than-1 pausing score indicates a propensity to induce translational pausing.
(B) The stop codons show the highest A-site pausing scores. The A-site pausing score of each of the 64 codons is shown. The usages of three stop codons are displayed among all yeast genes or among the top 10% most highly expressed genes (inset).
(C) Two genes exemplify translational pauses at stop codons.
(D) Metagene analysis of disome (orange) or monosome (blue) footprints. The x-axis shows the normalized coding regions from 0 (start codon) to 1 (stop codon) with the bin width = 0.01. The footprint distribution of each gene was normalized by the total footprint abundance of the corresponding gene; the distribution was then added up among genes.
(E) An indicator of codon optimality, RSCU, is poorly correlated with the A-site pausing score. The P-value was given by the Spearman's correlation. (A) The P-site pausing score of each amino acid is shown. Five amino acids with significant greater-than-1 P-site pausing scores are labeled.
(B) The amino acids are ordered by their propensity to terminate an α-helical conformation.
(C) Proline induced translational pauses often occur right after the termination of an α-helix at the genomic scale. All α-helixes in the proteome were aligned to their last amino acids, and the total abundance of disome footprints (RPM) was shown in the yaxis.
(D) A translational pause occurs right after an α-helix of TDH3p (the left panel). The proline is conserved among eukaryotic species (the right panel). (A) The triple-lysine is significantly enriched in the exit tunnel of the 3′-ribosome of a disome. The x-axis displays the exit-tunnel pausing score of amino-acid 3-mers.
(B) The dual-luciferase assay. Sequences to be tested were inserted right after the start codon of firefly-luciferase. The relative translation elongation rate of the inserted sequence is shown by the ratio of enzyme activities (firefly/renilla). Ratios were normalized to NC (the negative control vector without insertion).
(C) A translational pause induced by polylysine took places in the linker regions between two protein domains of RPS31p (the left panel). The polylysine sequence is conserved among eukaryotic species (the right panel).
